Habituation is a form of learning necessary for normal cognition as well as more complex forms of learning and memory (1). During habituation, the behavioral response to a prolonged or repeated stimulus is attenuated. Although this simple form of learning has been investigated in a variety of systems, the neurobiological mechanisms that underlie it remain unclear. Here, we use the fruit fly Drosophila melanogaster as a model system to study cellular and circuit plasticity that underlies olfactory habituation. We show that habituation arises from plasticity of inhibitory signaling in the antennal lobe, a structure analogous to the mammalian olfactory bulb to which sensory neurons send their axon terminals. We discuss how such a mechanism of inhibitory plasticity may be potentially useful to explain habituation to diverse, complex stimuli across species and neural systems.
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Habituation is a form of learning necessary for normal cognition as well as more complex forms of learning and memory (1) . During habituation, the behavioral response to a prolonged or repeated stimulus is attenuated. Although this simple form of learning has been investigated in a variety of systems, the neurobiological mechanisms that underlie it remain unclear. Here, we use the fruit fly Drosophila melanogaster as a model system to study cellular and circuit plasticity that underlies olfactory habituation. We show that habituation arises from plasticity of inhibitory signaling in the antennal lobe, a structure analogous to the mammalian olfactory bulb to which sensory neurons send their axon terminals. We discuss how such a mechanism of inhibitory plasticity may be potentially useful to explain habituation to diverse, complex stimuli across species and neural systems.
The Drosophila olfactory circuit is similar to the mammalian system but is far more amenable to experimental interrogation. Odorants activate odorant receptors on different kinds of olfactory sensory neurons (OSNs), which send their axons to discrete synaptic regions, termed glomeruli, in the antennal lobe. Within each glomerulus, the OSN makes connections with the dendrites of projection neurons (PNs), which in turn, project to higher brain centers. At the level of the antennal lobe, local interneurons (LNs, both inhibitory and excitatory), stimulated by OSN and/or PN output, synapse widely across glomeruli.
The availability of methods to express a variety of transgenes selectively in each class of neuron or even in functionally defined subclasses offers the opportunity to probe circuit mechanisms of olfactory function and plasticity. We used these methods to identify circuit changes that underlie olfactory habituation.
We first established assays for short-and long-term forms of olfactory habituation in adult flies, in part by modifying and optimizing previously described techniques (2, 3). Short-term habituation (STH) is induced by exposing flies to CO 2 or ethyl butyrate (EB) for 30 min; long-term habituation (LTH) is induced by odorant exposure for 4 d. After STH or LTH, flies display selectively reduced responses to the exposed odorant.
Thus, CO 2 exposure reduces subsequent responses to CO 2 but not to EB, and EB exposure causes a reduced response to EB but not to CO 2 . For both STH and LTH, the response to the exposed odorant recovers spontaneously with time spent in the absence of odorant.
We found that the adenylate cyclase enzyme encoded by the rutabaga (rut) gene is required for both STH and LTH. Significantly, rut function for STH and LTH was only required in the LN1 class of inhibitory, local interneurons that mediates feed-forward and/or feedback inhibition onto the antennal lobe. Targeted expression of WT rut + in LN1 (or GABAergic GAD1) neurons restores normal LTH and STH to rut mutant animals, and knockdown of rut in LN1 or GAD1 neurons eliminates STH and LTH. The finding that habituation requires rut function in inhibitory LNs of the antennal lobe is significant for two reasons. First, this finding indicates a fundamental difference between the circuit mechanisms of olfactory habituation and olfactory associative memory (4). Second, it points to a model in which habituation arises from cAMP-dependent facilitation of odorant-evoked GABA release from LN1 neurons. Increased release of inhibitory neurotransAuthor contributions: S.D., M.K.S., A.D., A.L., I.P.S., R.P., R.H., E.E.H., A.P., A.G., S.S., V.R., and M.R. designed research; S.D., M.K.S., A.D., A.L., J.A.L., I.P.S., R.P., R.H., E.E.H., A.P., A.G., S.S., and V.R. performed research; K.I., J.W.W., and V.R. contributed new reagents/ analytic tools; S.D., M.K.S., A.D., A.L., J.A.L., I.P.S., R.P., R.H., E.E.H., A.P., A.G., S.S., V.R., and M.R. analyzed data; and M.R. wrote the paper. . Circuit model for habituation. Prolonged EB exposure causes activation of several OSNs (the EB stream), including the Or85a-expressing OSN, which activates the DM5 projection neuron as well as inhibitory LNs. LNs corelease both GABA and glutamate. NMDARs on EB-responsive PNs are activated by coincidence of EB-evoked depolarization through OSNs and glutamate release from LNs. GABAergic LN activity is then potentiated (through rut and cAMPdependent processes) onto EB-responsive glomeruli, potentially through retrograde signaling via NMDARs on PNs. This potentiation leads to increased inhibition and therefore, reduced EB-evoked activation of glomeruli. CO 2 responses mediated through the V glomerulus remain unchanged. LTH is accompanied by growth of EBresponsive glomeruli and requires cAMP response element-binding protein activity in LNs.
mitter GABA would act to reduce projection neuron responses to the habituated odor.
Consistent with a prediction of this model, habituation was accompanied by a measurable decrease in odorant-evoked PN response. Our data suggest that behavioral LTH is accompanied by reduced responses in odor-specific PNs. This conclusion is also strengthened by the observation that PN plasticity is not seen in rut mutants, which do not display behavioral LTH.
Along with the requirement for rut in LN1 neurons for habituation, three additional lines of evidence implicate these GABAergic LNs as being crucial for this simple form of learning. For habituation to occur, (i) LNs must release transmitter, (ii) LNs must synthesize GABA, and (iii) GABA receptors must be expressed on PNs. Together, these data point to a model in which cAMP-dependent facilitation of GABA release from LN1 neurons, sensed by GABA A receptors on PNs, underlies behavioral habituation. The observation that direct activation of LN1 neurons attenuates the behavioral response to both CO 2 and EB shows that potentiation of output from LN1 cells is sufficient to account for habituation.
Additional experiments address the mechanism of odorantselectivity observed in habituation. LNs make connections throughout the antennal lobe, but habituation is odorant-selective. How is glomerulus-selective facilitation achieved? Our experiments indicate that postsynaptic NMDA receptor (NMDAR) signaling is involved.
As in vertebrates, Drosophila NMDARs are involved in various types of learning and memory. We found that knocking down NMDARs in subsets of PNs leads to odorant-selective deficits in STH and LTH. Our findings suggest that NMDARs are required for the selective plasticity of glomeruli, whose PN dendrites are depolarized during odorant exposure. It is interesting that LNs that release GABA may also corelease glutamate (5) in the antennal lobe. NMDARs on PNs may detect the coincidence of OSN-induced depolarization and LN activity and stimulate a retrograde signal from PN dendrites to LN terminals to induce local, glomerulus-restricted facilitation of GABAergic transmission. Although similar signaling processes seem to mediate STH and LTH, LTH is accompanied by selective growth of glomeruli that mediates responses to the habituated odorant (3) . In addition to several factors required for STH, LTH and associated glomerular growth also require function of the transcription factor cAMP response elementbinding protein in LN1 neurons.
These findings suggest a simple circuit model for habituation (Fig. P1) . The mechanism seems scalable, because it accounts for habituation of the CO 2 response mediated by a single glomerulus as well as habituation of the EB response, which involves plasticity in many different glomeruli. In addition, we suggest that it is generalizable, because the underlying circuit motif, in which neurons connected by an excitatory synapse also activate feed-forward and feedback inhibitory inputs, is found in all parts of the nervous system. Thus, the mechanisms that we describe as underlying olfactory habituation in Drosophila may underlie many different types of habituation in different sensory systems and organisms.
